Partial cDNA sequencing was used to obtain 169 expressed sequence tags (ESTs) in the moss, Physcomitrella patens. The source of ESTs was a random cDNA library constructed from 7 day-old protonemata following treatment with 10~4M abscisic acid (ABA). Analysis of the ESTs identified 69% with homology to known sequences, 61% of which had significant homology to sequences of plant origin. More importantly, at least 11 ESTs had significant similarities to genes which are implicated in plant stress-responses, including responses which may involve ABA. These included a cDNA associated with desiccation tolerance, two heat shock protein genes, one cold acclimation protein cDNA and five others that may be involved in either oxidative or chemical stress or both, i.e., Zn/Cu-superoxide dismutase, NADPH protochlorophyllide oxidoreductase (PorB), selenium binding protein, glutathione peroxidase and glutathione S transferase. Analysis of codon usage between P. patens and seed plants indicated that although mosses and higher plants are to a large extent similar, minor variations also exist that may represent the distinctiveness of each group.
Mosses have great potential for use as model systems for understanding plant genetics and development (Knight 1994) . The recent demonstration of efficient gene targeting in Physcomitrella patens (Puchta 1998, Schaefer and Zryd 1997) is one example of the many attractions that mosses hold as model organisms (Cove et al. 1997) . Our laboratory has been involved for many years in understanding the cell and developmental biology of P. patens, and more reAbbreviations: EST, expressed sequence tag; LEA, late embryogenesis abundant.
The 169 nucleotide sequences reported in this paper have been submitted to the EMBL under accession numbers between AJ225386-AJ225557. See tables 1-6. cently, Ceratodon purpureus, through the generation and use of developmentally-altered mutants, genetic transformation and molecular genetic approaches (Ashton et al. 1979 , Cove 1992 , Cove et al. 1996 , Knight et al. 1995 . However, the number of moss nuclear, plastid or mitochondrial genes which have been fully characterized is currently very low. This shortage of genes is a serious constraint in studies using P. patens aimed at the analysis of gene function through gene targeting via homologous recombination (Schaefer and Zryd 1997) .
In their natural environment, mosses are frequently exposed to stresses such as desiccation, frequently exhibiting a high degree of tolerance to such stresses. The possession of biochemical stress-response mechanisms is therefore to be expected. We have demonstrated that in P. patens, as in higher plants, both ABA and osmotic stress specifically induce synthesis of a subset of heat-stable proteins (Bahadur 1996 , Butler and Cuming 1993 , Knight et al. 1996 . Furthermore, using a recombinant GUS-fusion construct under the control of the promoter of the wheat "Em" protein gene-a well characterised stress-responsive Group 1 LEA gene-we have demonstrated that the molecular processes leading to ABA-mediated gene expression in transgenic P. patens are conserved between moss and higher plants (Knight et al. 1996) . This emphasises the utility of this organism as a model for the molecular dissection of ABA-and desiccation-stress responses in plants.
In order to identify P. patens genes functionally associated with stress responses, we chose to isolate and sequence expressed sequence tags (ESTs), an approach that is now routinely used for gene isolation both in plants and animals (Adams et al. 1992 , Lim et al. 1996 , Newman et al. 1994 . By isolating cDNAs from young developing tissue that had been treated with ABA, we aimed to identify a number of genes involved in stress and developmental responses. Since only very few genes have been cloned from P. patens, we chose to carry out a random cDNA sequencing strategy rather than an approach based on subtractive hybridization. In this report, we present tables of P. patens ESTs, their sequence similarities to plant and non-plant nucleotide sequences, and codon usage in moss. Additionally, we identify a number of sequences which are strong candidates for stress-responsive expression in P. patens.
Materials and Methods
RNA isolation and cDNA library construction-Total RNA was isolated by aqueous phenol extraction (Morris et al. 1990 ) from 7 day-old P. patens protonemata following 16 h treatment with 10" 4 M ABA. The tissue was frozen and ground in liquid nitrogen prior to extraction of RNA. Poly(A) + RNA was isolated by oligo-dT-cellulose chromatography and converted into complementary DNA using the "Amersham cDNA Synthesis Plus" kit (Amersham, U.K.). Double-stranded cDNA was ligated with EcoRl-Notl oligonucleotide adapters, for cloning in the vector Lambda Zap II (Stratagene Ltd., Cambridge, U.K.) and recombinants propagated in the E.coli strain XL-I Blue MRF', using the Stratagene "Predigested Lambda Zap II/£coRI/CIAP Cloning" kit. In a departure from the recommended protocol, the cDNA was size-fractionated by gel-filtration in a Sephacryl S-500 column (Pharmacia), following the addition and phosphorylation of adapter oligonucleotides. Fractions containing cDNA greater than 600 bp were recovered and 150 ng cDNA was ligated with 1 fig vector arms. The library (initial titre 8 x 10 5 pfu ml" 1 , approx. 90% recombinant) was amplified once to yield a final titre of 2xl0 9 pfuml"'.
Nucleotide sequencing and analysis-pBluescript SK+ phagemids were excised from the AZAP-II library using VCS M13 helper phage in E. coli XL-1 Blue MRF' according to protocols from the manufacturer (Stratagene). Phagemids containing inserts were selected by blue-white screening on IPTG/X-Gal/ampicillin plates as described in Sambrook et al. (1989) . Cloned inserts were chosen for sequencing by first checking their sizes on agarose gels following either small scale, Wizard Minipreps (Promega) of excised pBluescript plasmids and digestion with EcoKl restriction enzyme, and/or PCR with T7 and T3 primers. Single-run partial sequencing of such randomly selected cDNA clones was then performed using plasmid inserts or PCR products greater than 500 bp in size, as templates. Partial single-pass sequencing was done according to the Taq-Dye Primer Cycle Sequencing kit (Applied Biosystems) thermal cycling protocol using a Perkin Elmer 9600 thermal cycler and the ABI 373 automated sequencer in the Leeds University Centre for Biomolecular Sciences. T7 or T3 primers were utilised. Since the library was non-directional, cloned inserts which were sequenced from 3' ends, as seen from presence of poly(A) tails, were sequenced again from the 5' ends to optimize chances of obtaining translatable sequences for database homology comparisons. Sequences generated were edited manually to remove vector sequences before they were used to search databases for homologies. Comparison of sequences to DNA and protein databases at the National Center for Biotechnology (NCBI) and Genestream were performed using the BLAST algorithm of Altschul et al. (1990) . The edited sequences were searched against non-redundant nucleotide (EMBL, GenBank, DDJB and PDB) and protein (PIR, SwissProt, GenPept and PDB) databases using BLAST programs provided by Genestream 2 (http://www2.igh.cnrs.fr). Nucleotide sequences were compared using BLASTN, whereas all the 6 possible open reading frames of the ESTs were compared using BLASTX. Homologies of ESTs to known proteins were considered significant if the BLASTX PAM120 score was >80. For searches against nucleotide sequences, a BLASTN score of > 150 was considered indicative of significant homology, as used previously in plant EST analyses (Cooke et al. 1996 , Newman et al. 1994 .
DNA sequence conversions into BLAST email format, and codon usage, were carried out using DNAMAN for Windows sequence analysis software (Lynnon Biosoft, Canada).
Results

cDNA library, nucleotide sequencing and analysis-
A random cDNA library constructed from 7 day-old protonemata following treatment with 10~4 M ABA was used as a source of ESTs from the moss, P. patens. Clones from which it was difficult to obtain sequence information after two runs from both 5' and 3' ends were not included in the analysis. Furthermore, some of the ESTs were sequenced from each direction owing to the non-directional nature of the library or for clarification. Altogether 169 ESTs, with an average sequence length of 450 bp, representing over 77 kb of non-redundant sequences, were obtained. Data are shown for significant nucleotide homologies only, with reference to significant protein homologies where appropriate.
Physcomitrellapatens ESTs with similarities to known sequences-Following BLASTN searches, 116 of the 169 ESTs (69%) were found to be homologous to sequences in the database (Tables 1-5 ). Of these, 78 (67%) had a score greater than 150, indicating significant homology to sequences from other organisms (Tables 1-3) , including 71 (61%) homologous to plant sequences (Tables 1-2). The remaining 38 ESTs (33%) had scores less than 150 indicating weak homology to known sequences (Tables 4-5). As expected, in addition to significant homologies with plant-specific genes, the strongest matches were also homologous with house-keeping genes, e.g. genes encoding ribosomal proteins (AJ225534, AJ225403, AJ225411, AJ225545), translation initiation factors (AJ225442, AJ225462, AJ225463), and the cellular cytoskeleton (AJ225485, AJ225485, AJ225541, AJ225393) ( Table 2 ).
More importantly, at least 11 of the 116 (10%) ESTs had significant similarities to genes which are implicated in plant stress responses (Table 1 ). Among this category was an EST (AJ225542) with similarity to a Sporobolus stapfianus cDNA associated with desiccation tolerance, two ESTs (AJ225395, AJ225478) for heat shock protein genes, one for a cold acclimation-associated sequence (AJ225436) and four that may be involved in either oxidative or chemical stress or both (AJ225501, Zn/Cu-superoxide dismutase-SOD; AJ225507, selenium-binding protein; AJ225522, glutathione peroxidase-GPX; AJ225432, glutathione S transferase-GST). It is also noteworthy that clone AJ225460 with a BLASTN score just below the significance threshold, was similar to a Group 3 late embryogenesis abundant (LEA) protein, since ABA is known to induce accumulation of mRNA encoding LEA proteins (Galau et al. 1986) (Table 4 ).
Other ESTs were either similar to genes involved in respiratory (AJ225397, lactate dehydrogenase) or nucleotide metabolism (AJ225489, ADP ribosylation factor), glycolysis (AJ225459, pyruvate kinase), or in photosynthetic metabolism (AJ225488, Rubisco; AJ225408, NADPHprotochlorophyllide oxidoreductase PorB; AJ225420, glyceraldehyde 3-phosphate dehydrogenase-GAPDH). Interestingly, GAPDH has been shown by Northern analysis to be up-regulated by ABA in Physcomitrella patens (A.C. Cuming unpublished data). Two ESTs (AJ225414, AJ225427) were similar to plant ion channels. Two ESTs showed homology to Populus balsamiflora ESTs isolated from xylem tissue (AJ225553, AJ225523). Of the 78 sequences showing significant homologies to known sequences (Tables 1-3) , 38 (49%) were similar to sequences of yet unknown function, 36 of which have only previously been identified in plants. In total, 7 ESTs had matches only to non-plant sequences (Table 3) . Two of these sequences had high BlastN scores; AJ225519 (score 739), a Toxoplasma gondii cDNA similar to human oligoadenylate binding protein and AJ225512 (score 376), a human long chain fatty acid CoA ligase mRNA. It is likely that these ESTs represent the first plant homologues to be isolated.
Physcomitrella patens ESTs with weak or no similarity to known sequences-OS the 169 ESTs, 38 (22%) had weak similarities to known sequences, with borderline significance scores ranging from 126-148 (Table 4 and 5). Eleven of the clones in this category were related to plant genes (Table 4) , while 27 had matches with non-plant genes (Table 5) . Of the 169 ESTs, 53 (31%) showed no significant match to sequences in the database and may represent novel plant genes.
Codon usage-Thirteen P. patens sequences were selected for codon usage study because they showed homology to sequences from other species with known open reading frames (accession numbers AJ225393, AJ225485, AJ225541, AJ225432, AJ225418, AJ225395, AJ225428, AJ225478, AJ225420, AJ225522, AJ225435, AJ225501, and AJ225545). Table 6 gives the deduced codon usage for P. patens and compares it with the usage in the corresponding homologous sequences. Although there were few exceptions, codon preferences in P. patens, monocotyledonous and dicotyledonous plants were more similar to each other than to non-plants. For example, P. patens and seed plants prefer the A residue at the third position in Ala, and generally prefer to use the codons CAC for His, GAT for Asp, CAA for Gin and AGG for Arg. However, peculiarities in codon usage were also observed among these four groups, particularly for Phe, Cys, lie and Glu. In at least two cases for each amino acid, P. patens exhibited closer similarities to either dicotyledons (Lys and Tyr) or monocotyledons (Asp and Cys). 
Discussion
We used a random cDNA sequencing approach to obtain ESTs from a cDNA library made from P. patens protonemal tissue that had been pre-treated with the plant hormone abscisic acid (ABA). 69% of the ESTs were similar to sequences cloned from other organisms. More importantly, at least 11 ESTs were similar to genes which are involved in plant stress-responses, including responses in which ABA may be implicated. Clone AJ225489 with homology to an ADP ribosylation factor, may be involved in ABA-mediated signal transduction cascades involving cyclic ADP ribose since ABA has been shown to play a major role in Ca 2+ -dependent ABA perception and signalling processes leading to opening and closure of stomatal guard cells (reviewed in Allen and Schroeder 1998) .
The role of ABA in transmitting environmental stress signals in higher plants such as salinity, dehydration, high and low temperature, resulting in the accumulation of specific proteins, has been extensively studied and some of the genes isolated (Bohnert et al. 1995) . Although mosses have long been recognised as desiccation-tolerant, few molecular studies of moss stress responses have been undertaken (Bahadur 1996 , Knight et al. 1995 . The presence of a GST in P. patens may be an indication that mosses, like higher plants, have a protective mechanism for dealing with stress arising from xenobiotics (Coleman et al. 1997) . One of the ESTs was similar to a tobacco cDNA homologue of animal glutathione peroxidases (GPX). The function of GPXs in plant cells is thought to be protection against oxidative damage resulting from exposure to various environmental stresses (Mullineaux et al. 1998) . The identification of an EST for a selenium binding protein may also be pertinent since, in mammals, some GPXs possess a seleno-cysteine residue at their active site, which is needed as a cofactor. In higher plants, only one such GPX has been detected from Aloe vera (Sabeh et al. 1993) . It is therefore possible that this enzyme may act in moss as a selenium binding protein to sequester excess selenium which may be toxic. Whether or not the GST and GPX homologues identified are connected with ABA activity is an interesting possibility to investigate, for example, by Northern blot analysis using the EST clones as probes. Coleman et al. (1997) have pointed out the dilemma connected with the fact that the maize Bz2 gene encodes a GST with a role in anthocyanin biosynthesis, a pathway in which cytochrome P-450 is also involved. For such overlapping and/or parallel metabolic pathways (e.g. environmental stress responses such as detoxification of xenobiotics and pigment biosynthesis), mosses will serve as useful models for understanding the link between lower and higher plants. The EST with homology to a Zn/CuSOD may have a role in protection of moss against oxidative stress whereas the cDNA that matched the PorB gene may be involved in photooxidative damage (Sperling et al. 1997) . These inferences are based on our current understanding of the interaction between scavengers of toxic oxygen species such as superoxide dismutase (SOD) and other different stresses such as salinity, drought, low temperature and photooxidative stresses (reviewed in Bohnert et al. 1995 Bohnert et al. , 1996 . Based on these observations, it is highly likely that the P. patens ESTs corresponding to the genes associated with various stresses may be linked with the mode of action of ABA through complex interactions. The fact that a number of ESTs matched housekeeping genes, or genes which regulate normal processes of cell division, differentiation and metabolism was expected. Clone AJ225488, with the highest (96%) identity value, may represent the partial sequence of the already cloned P. patens RbcS gene or a related member of this family. It is difficult to speculate on the relationship between ABA and the diversity of the genes identified since we do not understand fully the exact roles of so-called "housekeeping" genes in plant development. For example recent findings indicate that genes encoding eukaryotic translation initiation factors (e.g. elF 2a) may have a role in stress responses probably via phosphorylation (Langland et al. 1997) . Besides "housekeeping", other roles for ribosomal proteins have also been assigned, such as oogenesis in Drosophila (Cramton and Laski 1994) .
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With regards to codon usage, the results suggest that P. patens, a moss, and seed plants are relatively similar for most amino acids, but that minor variations also exist. Overall, the data are in agreement with the published codon usage tables in monocotyledons and dicotyledons by Murray et al. (1989) . For example, these workers showed, among others, that plants generally do not use the codon ATA for lie. From the present analysis, we found this also to be true in P. patens. As predicted, the codon usage described in this study is similar to that described for P. patens by Reski et al. (1998) . However, one significant difference is that the apparent codon preference for histidine, reported by Reski et al. as being more similar to that seen in monocotyledons than in dicotyledons, is not supported in the current study. It is possible that the few peculiarities in codon usage between P. patens, higher plants and non-plants, particularly for Phe, Cys, He and Glu, represent distinct features of each group (Henry and Harris 1997) .
This report once more illustrates the simplicity and power of using ESTs for gene discovery in relation to specific plant developmental phenomena. With the recent demonstration of efficient gene targeting (>90%), in P. patens, and the recognition of its applicability to higher plant studies (Liljegren and Yanofsky 1998, Puchta 1998) , it should be possible to use this moss as a model system to study gene function through gene targeting and gene knockout approaches (Cove et al. 1997, Schaefer and Zryd 1997) . This route is especially relevant for the novel ESTs identified in the present study, as well as Arabidopsis and other plant and non-plant cDNAs with unknown function, but which are significantly homologous to P. patens sequences.
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